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We have experimentally studied few-body impurity systems consisting of a single fermionic atom and a

small bosonic field on the sites of an optical lattice. Quantum phase revival spectroscopy has allowed us to

accurately measure the absolute strength of Bose-Fermi interactions as a function of the interspecies

scattering length. Furthermore, we observe the modification of Bose-Bose interactions that is induced by

the interacting fermion. Because of an interference between Bose-Bose and Bose-Fermi phase dynamics,

we can infer the mean fermionic filling of the mixture and quantify its increase (decrease) when the lattice

is loaded with attractive (repulsive) interspecies interactions.
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Multicomponent systems play a central role in quantum
many-body physics. From interacting atoms and photons to
electrons and phonons, the interplay of interactions in
binary mixtures gives rise to intriguing quantum phe-
nomena such as superradiance, BCS superfluidity or po-
laron physics [1]. Recently, especially the problem of an
impurity embedded in an external quantum environment
has been addressed experimentally, such as fermionic spin
impurities in a Fermi sea, which lead to the observation of a
Fermi polaron [2], or an ion immersed in a Bose-Einstein
condensate [3]. When such impurity systems are scaled
down to the few-body regime, they can share important
properties with models for atomic nuclei [4].

Here we present the experimental study of an elementary
few-particle system consisting of a single fermion and a
coherent bosonic field. While research on Bose-Fermi
mixtures in optical lattices has so far mainly focussed on
the coherence properties of the global quantum many-body
state [5–7], we investigate the local properties of miniature
Bose-Fermi systems on individual lattice sites. Using
quantum phase revival spectroscopy [8,9], we precisely
measure the absolute strength of intra- and interspecies
interactions as a function of the interspecies scattering
length, tuned by means of a Feshbach resonance. Already
moderate Bose-Fermi interactions give rise to notable
changes of the on-site wave functions, which we observe
as modifications of the Bose-Bose interaction [10,11].
Furthermore, we have devised a novel method that allows
us to selectively infer the mean fermionic filling within the
volume, in which bosons and fermions overlap.

We start with a delocalized Bose-Fermi mixture in a
shallow optical lattice. Then we rapidly increase the lattice
depth, suppressing both bosonic and fermionic tunneling
(JB, JF ! 0) and freezing out the delocalized atom distri-
butions of bosons and fermions. In this setting, the eigen-
states at a lattice site are given by product atom number
states jnijmi, containing n bosons (where n is a non-negative
integer) and m fermions (where m is either 0 or 1); the

respective eigenenergies are denoted by En;m (Fig. 1). For

a delocalized mixture, both the bosonic and fermionic com-
ponent show number fluctuations and the corresponding
on-site quantum states can be described as a coherent
superposition of bosonic atom number states both in the
absence (m ¼ 0) and the presence (m ¼ 1) of a fermion.
The resulting time evolution at a lattice site can be modeled
as a superposition of phase evolutions with and without a
fermion, which are governed by the eigenenergies En;0

and En;1,
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FIG. 1 (color online). Quantum phase revivals in a few-body
Bose-Fermi system. (a) In a shallow optical lattice both the
bosonic and the fermionic species are delocalized and show
atom number fluctuations. The cartoon picture displays a pos-
sible result of a projection measurement assuming a mean
fermionic filling of �m ¼ 0:5. Blue (red) balls indicate bosons
(fermions). (b) The local quantum state at a lattice site corre-
sponds to coherent superpositions of bosonic atom number states
with and without the presence of a fermion with eigenenergies
En;m (see text). (c) Suppression of odd quantum phase revivals in

a Bose-Fermi mixture at jUBF=UBBj ¼ 0:5 for variable fermi-
onic fillings: �m ¼ 0, 0.2, 0.35 and 0.5 (blue solid lines, darker
color for larger �m). The right panel displays the suppression
factor s as a function of the filling �m.
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jc BFðtÞi ¼
X1

n¼0

cne
�iEn;0t=@jnij0i þ dne

�iEn;1t=@jnij1i:

Here cn and dn denote the probability amplitudes of finding
n bosons without (m ¼ 0) and with (m ¼ 1) a fermion,
respectively.

Within the single-band Bose-Fermi Hubbard model [5]
the eigenenergies are given by

En;m ¼ UBB

2
nðn� 1Þ þUBFnm: (1)

Here the Bose-Bose interaction energy, UBB /
aBB

R j�BðrÞj4d3r, and the Bose-Fermi interaction energy,
UBF / aBF

R j�BðrÞj2j�FðrÞj2d3r, are independent of the

bosonic and fermionic atom numbers n and m, since the
model is restricted to the lowest lattice band; aBB (aBF)
denotes the intraspecies (interspecies) scattering length and
�BðrÞ (�FðrÞ) the bosonic (fermionic) ground state orbital at
a lattice site. While essential features of the resulting quan-
tum dynamics are captured by this single-orbital model, the
observed dynamics contain signatures that can only be ex-
plained within a multiorbital approach. Here, the interaction-
induced deformation of on-site wavefunctions gives rise to
interaction strengthsUBB

n;m andUBF
n that explicitly depend on

the number of bosons and fermions [11].
The interactions between the bosonic field and the fer-

mion are encoded in the dynamics of the on-site wave
function, jc BFðtÞi. Quantum phase revival spectroscopy
[9] allows us to probe the corresponding interaction ener-
gies by sampling the time-dependent coherence of the
bosonic component (see below). It is proportional to
jhc BFðtÞjâjc BFðtÞij2 � jhâiðtÞj2, where â denotes the an-
nihilation operator for a bosonic atom at a lattice site. The
time evolution of the coherence is governed by the inter-
ference of the two dynamical evolutions with and without a
fermion:

jhâiðtÞj2 ¼
��������
X1

n¼0

CnðtÞ þDnðtÞ
��������

2

; (2)

where the purely bosonic contribution enters as

CnðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
c�ncnþ1e

�iðEnþ1;0�En;0Þt=@

and the Bose-Fermi interactions are contained in the term

DnðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
d�ndnþ1e

�iðEnþ1;1�En;1Þt=@:

Generally, the resulting collapse and revival dynamics of
the coherence are rather complex. However, an analytic
expression can be derived when the influence of the Bose-
Bose and the Bose-Fermi interaction on the bosonic atom
number statistics is neglected, which is justified in the limit
of small interactions. This motivates the use of coherent
states for the bosonic field, whose probability amplitudes

scaled by the mean fermionic atom number �m, read cn ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �m

p
e�j�j2=2�n=

ffiffiffiffiffi
n!

p
and dn ¼ ffiffiffiffi

�m
p

e�j�j2=2�n=
ffiffiffiffiffi
n!

p
,

where � ¼ ffiffiffi
�n

p
ei� denotes the complex field amplitude

with mean bosonic atom number �n and initial phase �.
With the additional assumption of single-orbital eigen-
energies according to Eq. (1), we obtain the quantum phase
evolution

jhâiðtÞj2= �n ¼ e2 �n½cosðUBBt=@Þ�1�

� f1� 2 �mð1� �mÞ½1� cosðUBFt=@Þ�g: (3)

These idealized dynamics are illustrated in Fig. 1(c) for
several mean fermionic fillings �m. The suppression of
revivals is a striking signature for the interference between
the Bose-Bose and the Bose-Fermi phase evolution.
Particularly, for the case UBF=UBB ¼ zþ 0:5 (z 2 Z) the
suppression factor has a simple relation to the mean fer-
mionic filling, s ¼ ð1� 2 �mÞ2 [Fig. 1(c), right panel].
The experiment starts with the preparation of a quantum

degenerate mixture of 1:7ð3Þ � 105 bosonic 87Rb and
2:1ð4Þ � 105 fermionic 40K atoms in their respective hy-
perfine ground states j1;þ1i and j9=2;�9=2i (see [12]).
Using the interspecies Feshbach resonance at 546.75(6) G
[13], we tune aBF between �161:2ð1Þa0 and þ134ð19Þa0,
where a0 is the Bohr radius. Then, a three-dimensional
(3D) optical lattice (� ¼ 738 nm) is adiabatically ramped
up to a depth of VL ¼ 5:2EB

rec, where E
B
rec ¼ h2=ð2mB�

2Þ is
the recoil energy for 87Rb. At this lattice depth and for all
interspecies interactions used in our measurements, we
expect the bosons to form a superfluid and the fermions
to be delocalized [7]. A 3D array of coherent bosonic fields
with partial fermionic filling is created by rapidly increas-
ing the lattice depth from VL to VH ¼ 28:2ð3Þ EB

rec. This
suppresses the tunnel coupling, freezes out the atom dis-
tributions and initiates the quantum phase evolution at each
lattice site. After variable hold times t, all trapping poten-
tials are switched off, the bosonic and fermionic clouds
expand during 10 ms time of flight and an absorption image
of the bosonic interference pattern is recorded. As a mea-
sure of the bosonic coherence jhâiðtÞj2, we evaluate the
ratio of the summed atom numbers in the central, first- and
second-order coherence peaks to the total atom number,
Ncoh=Ntot [8].
The experimental data reveal a modulation of the initial

quantum phase revivals depending on the interspecies
interaction strength (Fig. 2). For the first revival we detect
three local minima with suppression factors s ¼ 0:57ð3Þ,
0.43(3) and 0.16(2) as the attraction is increased. From this
we derive the mean fermionic fillings of the mixture to be
�m ¼ 0:12ð1Þ, 0.17(1) and 0.30(1), respectively, according
to �m ¼ ð1� ffiffiffi

s
p Þ=2, where the minus (plus) sign corre-

sponds to �m< 0:5 ( �m> 0:5). Here the minus sign is
chosen, since fermionic fillings �m> 0:5 are not expected
for our experimental parameters. Qualitatively, the dynam-
ics are well captured by the single-orbital coherent state
model of Eq. (3), as multiorbital effects play a minor role
for short observation times (see [12]).
Quantitative information about the interactions in the

Bose-Fermi system is obtained by sampling long time
traces of quantum phase revivals yielding high spectral
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resolution (Fig. 3). The trace at vanishing interspecies
attraction and its Fourier spectrum [Figs. 3(a) and 4(a)]
show the signatures of effective multibody interactions as
previously observed in a purely bosonic system [9,11].
However, at stronger attraction new striking features ap-
pear in the spectra: First, prominent additional peaks aris-
ing from direct Bose-Fermi interactions and, second, a
small, but significant upshift of the Bose-Bose interaction
energies at orders UBB and 2UBB (Fig. 4).

The emerging Bose-Fermi features of orders jUBFj,
jUBB þUBFj and j2UBB þUBFj exhibit an almost linear
dependence on aBF [Figs. 4(b)–4(e)]. Generally, each of
them consists of a comb of energies owing to the explicit
boson number dependence of UBB

n;m and UBF
n ; e.g., for local

bosonic occupations of up to six atoms (which corresponds
to the appearance of four peaks of order UBB), up to six

components of order jUBFj, five of order jUBB þUBFj and
four of order j2UBB þUBFj are expected [12]. However,
the separation between the individual components varies as
a function of aBF; for example, the energies of order
jUBB þUBFj appear to narrow down to a single peak for
�150a0 & aBF & �100a0 [see inset of Fig. 4(e)], because
the interaction-induced changes of UBB

n;m and UBF
n approxi-

mately compensate each other due to opposite signs.
The observed shift of the Bose-Bose interaction strengths

is induced by the presence of an interacting fermion in
analogy to the atom number dependence of UBB in a purely
bosonic system [9]. For the case of repulsive interspecies
interactions a broadening of the on-site wavefunctions
�BðrÞ and �FðrÞ is expected and the Bose-Bose interaction
strength is effectively reduced; the reverse happens for
attractive interspecies interactions [Fig. 5(a)]. In Fig. 5(b)
these modifications are shown for two selected components
of order UBB and 2UBB for both negative and positive
aBF. Using the linear slopes extracted from the data and
assuming a maximal fermionic filling �m � 0:3, we derive
conservative upper bounds for the shifts ð@UBB

2;1=@aBFÞ=h <

�1:5ð2Þ Hz=a0 and ð@UBB
3;1=@aBFÞ=h <�1:4ð2Þ Hz=a0.

With a variational harmonic oscillator model we have con-
firmed that the observed shifts have the correct order of
magnitude. However, the good agreement must be regarded
fortuitous. These findings quantitatively support earlier,
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FIG. 2 (color online). Interference of Bose-Bose and Bose-
Fermi phase dynamics. The initial quantum phase revivals are
modulated as a function of the interspecies scattering length aBF;
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indirect evidence for a renormalization of Hubbard parame-
ters due to interspecies interactions [7,11].

In conclusion, we have studied the interactions in ele-
mentary few-body systems formed by a single fermion and
a small bosonic field at the sites of an optical lattice. Using
quantum phase revival spectroscopy, we have been able to
accurately measure the mean fermionic filling and the
Bose-Fermi interaction strength as a function of the inter-
species scattering length. While in the latter case an essen-
tially linear dependence on the interspecies scattering
length is found (Fig. 4), we additionally observe how the
interaction among the bosons is modified, mediated via
Bose-Fermi interactions (Fig. 5).

Miniature impurity systems, as the one presented here,
are suited to investigate polaron physics in ultracold quan-
tum gases [1] and form an ideal test bed for effective field
theories [11], that are highly relevant to the description of
atomic nuclei [4]. Our measurement technique might en-
able thermometry in Bose-Fermi mixtures based on a
temperature dependence of the fermionic filling and allows
for exact absolute measurements of two- and higher-body
interaction energies [11] in a multicomponent quantum
system. Furthermore, the control of interspecies collisions
demonstrated here is likely to play an important role in the
realization of advanced quantum information processing
schemes, which rely on the use of different atomic species
for data storage and gate operation [5,14].
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